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ABSTRACT: In the present work the induction time for nucleation of ethyl paraben (EP) and 
propyl paraben (PP) in ethanol, ethyl acetate and acetone has been measured at different levels of 
supersaturation. The induction time shows a wide variation among repeat experiments, indicative 
of the stochastic nature of nucleation. The solid-liquid interfacial energy and the size of the 
critical nucleus have been determined according to the classical nucleation theory. Combined 
with previous results for butyl paraben (BP), the nucleation behaviour is analysed with respect to 
differences in the solid phase of the three pure compounds, and with respect to differences in the 
solution. The results indicate that the difficulty of nucleation in ethanol and acetone increases in 
the order BP < PP < EP, but is approximately the same in ethyl acetate. For each of the three 
parabens the difficulty of nucleation increases in the order acetone < ethyl acetate < ethanol. The 
Gibbs energy of melting increases in the order BP < PP < EP, but the crystal structures are quite 
similar resulting in the basic crystal shape being very much the same. The solid-liquid interfacial 
energy is reasonably well correlated to the solvation energy, and even better correlated to the 
deformation energy, of the solute molecule within the first solvation shell as obtained by density 
functional theory calculations. 
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Crystallization is an important process in the manufacturing of most pharmaceutical compounds. 
Nucleation is a key step of crystallization, directly or indirectly affecting the number, size, shape 
and structure of the resulting crystals1. To date, research into nucleation from solution has mainly 
been carried out on individual compounds, e.g. paracetamol2, racemic mandelic acid3, m-
aminobenzoic acid4, eflucimibe5, indomethacin6, vanillin7, famotidine8, 2-chloromandelic acid9 
and L-histidine10. There has been very little systematic work done on homologous series of 
organic molecules with similar molecular structure and functional groups, and little is known 
about the interplay of various molecular properties of the crystallizing compound and of the 
solvent.  
In the present work, crystal nucleation of ethyl paraben (EP) and propyl paraben (PP) in 
solutions of ethanol (E), ethyl acetate (EA) and acetone (AC) has been investigated. Together 
with our previous data on butyl paraben (BP)11, this covers a homologous series of organic 
paraben compounds. The approach adopted is that nucleation depends both on the conditions in 
the nucleating solution as well as on the properties of the solid phase to be formed. Accordingly, 
based on nucleation results for all three parabens in all three solvents, the evaluation discusses 
solid phase differences as well as differences in the solution conditions. The solid phase analysis 
consists of a comparison of crystal structures, interaction energies and attachment energies, 
including a shape analysis, and a comparison of melting properties and solid phase Gibbs 
energies. A comparative analysis of the solution side includes a comparison of solubility 
relationships and various solvent properties of the solvents, and quantum chemical calculations 
over the first solvation shell of the three parabens in the three solvents. 
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Parabens, alkyl esters of p-hydroxybenzoic acid, is a common class of preservatives, in particular 
methyl paraben, either alone or more commonly in combination with one or more of ethyl, 
propyl and butyl paraben12. Owing to their relatively low toxicity, parabens (or their salts) are 
found in many thousands of cosmetic, toiletries, food and pharmaceutical products13. 
Antimicrobial activity and the octanol - water partition coefficient increase with increases in 
molecular weight and the length of the alkyl side chain14-16. In addition, combinations of 
parabens have been proposed to have a synergistic effect on bacteria15, 17. Ethyl, propyl and butyl 
paraben each has only one known polymorph at normal experimental conditions. The crystal 
structures of EP18 and PP19 are available in the Cambridge structural database, whereas the 
structure of BP is not, although its unit cell parameters and basic features are reported13. The 
crystal structure of BP was solved by single-crystal XRD on a crystal grown by slow solvent 
evaporation from ethanol solution20. The molecular structures of the three paraben compounds 
and the three investigated solvents are shown in Figure 1, with electrostatic potentials calculated 
at the HF/6-311+(d) level using the software Gaussian 03 and mapped onto electron density 




Figure 1. Molecular structures of the compounds ethyl paraben, propyl paraben and butyl 
paraben, and the solvents ethanol, acetone and ethyl acetate, showing electrostatic potentials 
mapped onto electron density isosurfaces.  
THEORY 
The fundamentals of the classical nucleation theory are well covered in the literature21 and was 
reviewed in a previous contribution11. Assuming a spherical shape, the derivation leads to the 






























 (1)                              
where A is the pre-exponential factor, ΔGc is the activation Gibbs energy of nucleation, k is the 
Boltzmann constant, T is nucleation temperature, σ is the solid-liquid interfacial energy, υm is the 
solute molecular volume and S is the supersaturation. The thermodynamic driving force for 
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nucleation is the difference in chemical potential between the solute in solution and in the 
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where x and x* are actual and equilibrium solute mole fractions, respectively. The chemical 
potential is a partial molar term, and the interfacial energy is the Gibbs energy of the interface, 
and accordingly the derivation inherently includes all contributions to changes in the Gibbs 
energy of the system. The nucleus is defined as a crystalline particle of a critical size, i.e. 
sufficient for growth to be thermodynamically favourable. Its radius depends on both the 
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The induction time, tind,  is the time period from the establishment of the supersaturated state to 
the first observation of crystals in the solution22 and it is usually assumed that the induction time 
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Induction time experiments are usually evaluated by plotting tind vs. T
-3 ln-2S, allowing the 
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Knowing the interfacial energy allows for calculation of the radius of the critical nucleus and the 
nucleation work, ΔGc = 4πrc
2/σ. 
EXPERIMENTAL AND COMPUTATIONAL WORK 
Materials 
Ethyl paraben (EP, CAS reg. no. 120-47-8, mass purity > 99.0%), and propyl paraben (PP, CAS 
reg. no. 94-13-3, mass purity >99.0 %) were purchased from Sigma-Aldrich, and used without 
further purification. Ethyl acetate (EA, purity > 99.8%) and acetone (AC, purity > 99.8%) were 
purchased from VWR, and ethanol (E, purity > 99.7%) from Solveco. All organic solvents were 
used as obtained.  
Thermal properties and solubility 
The melting temperature and associated enthalpy of melting were determined by differential 
scanning calorimetry (DSC), TA Instruments, DSC 2920. The calorimeter was calibrated against 
the melting properties of indium. Samples (2 to 3 mg) of parabens were heated by 5 K/min from 
280 K to approximately 50 K above the melting temperature in standard, sealed Al-pans, then 
cooled down to 280 K, and repeated two times for each sample. For each compound 5 samples 
were analysed and the values reported are averages over 10 experimental values. The melting 
temperature was defined as the extrapolated onset value. The solubility of ethyl paraben and 
propyl paraben at 283.15 K was determined in ethanol, ethyl acetate, and acetone, respectively, 
by a gravimetric method24. XRPD patterns of paraben crystals, obtained by cooling 




200 ml solutions of ethyl and propyl paraben in each of the pure solvents ethanol, ethyl acetate 
and acetone were prepared in sealed 300 ml glass bottles, three different concentrations for each 
system. The bottles were then submerged in a water bath kept at a constant temperature of 
298.15 K which in all cases is above the saturation temperature. The solutions were stirred for 
several hours using magnetic stir bars during dissolution to make sure all solid material had been 
dissolved. For each batch of nucleation experiments, solutions were transferred into ten 20 ml 
test tubes (about 5 ml per tube) by pre-heated syringes equipped with 0.2 µm PTFE membrane 
filters. A PTFE-coated magnetic stir bar was place in each of the tubes, after which they were 
capped and then sealed by parafilm to prevent evaporation. Each batch of tubes was first kept in 
a thermostatic bath at the dissolution temperature, 298.15 K, for 30 min, and then rapidly 
transferred to a second bath kept at the nucleation temperature, 283.15 K, where the all tubes 
were kept fixed in a transparent plastic frame. Agitation was provided by a multi-pole 
submersible stirring plate. Nucleation of the initially clear solutions was monitored using a Sony 
DCR-SR72e digital camcorder mounted on a tripod at a slanting angle. Solutions turned visibly 
turbid when nucleating, and a maximum of 15 seconds after this occurrence the solution in the 
tubes would be completely opaque and white. After all tubes had nucleated the batch of tubes 
were transferred back to the water bath at the dissolution temperature of 298.15 K and kept there 
for 30 min. The experiment was repeated ten times for each batch of tubes, for a total of 100 
tubes at each set of conditions. Then another solution was prepared and nucleation experiments 
were repeated with another batch of tubes. By visual analysis of the video recordings, the 
induction time of each tube was identified as the time elapsed from the moment the tube was 
submerged in the water bath at the nucleation temperature until the point when turbidity could be 
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observed for the first time. The time required for complete temperature equilibration was 
determined to be between 1-2 min by independent measurement. 
Growth of single crystals 
Saturated solutions of ethyl, propyl and butyl paraben in each of the pure solvents ethanol, ethyl 
acetate and acetone were prepared at room temperature through equilibration by dissolution. 
Each solution was filtered into three Erlenmeyer flasks using syringes equipped with 0.2 µm 
PTFE membrane filters. A few crystal seeds of each respective paraben were put into the 
solutions, and then the flasks were capped but not sealed tight, in order to keep the rate of 
evaporation very low. Single crystals (size of the order of 1 mm3) were obtained after approx. 1 - 
2 months.   
Quantum-chemical calculations 
Density functional theory (DFT) calculations have been applied using GAUSSIAN 0925 to 
investigate solvent-solute interactions of the ethyl, propyl and butyl paraben solute molecules 
with the three solvents, i.e. ethanol, ethyl acetate and acetone. The method involves constructing 
a cluster of molecules, with a solute molecule in the centre surrounded by solvent molecules in 
number sufficient to fill all nearest neighbour positions like a first solvation shell. For each solute 
– solvent system, the cluster model is constructed by placing a paraben molecule in a box filled 
with molecules of a respective solvent, and all the solvent molecules, except the molecules 
directly surrounding the solute molecule, are subsequently removed. Due to differences in 
molecular sizes, the number of solvent molecules required to form a uniform coverage of the 
space around the solute molecule will vary between the models.  
The cluster models are then allowed to establish an equilibrium geometry, calculated with a B97-
D Grimme’s functional26. This functional includes a long-range dispersion correction, allowing a 
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better description of the van der Waals interactions and giving proper geometries of molecular 
clusters27. In order to improve starting geometries, the solvent molecules located next to 
hydroxyl and carbonyl groups of the solute molecule are first rotated, facilitating the formation 
of hydrogen bond(s) during optimisation. Electronic energies are obtained from single point 
calculations on the B97-D/6-31G(d,p) geometries using a TZVP basis set28 and the double-
hybrid B2PLYPD functional which combines exact HF exchange with an MP2-like correlation 
and long-range dispersion corrections29. The basis set error was checked by calculations in a 
larger QZVP basis set for a subset of systems. 
The electronic solvation energy, ΔEsolv, for the different solvent-solute systems, has been 
calculated as: 
)( soluteshellsolvent  shell solvation solv EEEE   (7) 
where Esolvation shell is a single point energy of the optimized solvation shell cluster, Esolvent shell is a 
single point energy calculated for a solvent-shell structure made after removing the solute 
molecule from the solvation shell cluster, while Esolute is a single point energy calculated for that 
removed solute (paraben) molecule being in its constrained solvation shell geometry. It is 
important to note that also the energy of the solvent shell is computed at the geometry obtained 
for the solvation shell. This computational approach has been successfully applied in our recent 
nucleation study on salicylic acid30.  
A solute molecule entrapped in the “cage” (shell) of solvent molecules encounters certain 
constraints and its geometry is being shaped by intermolecular forces specific to the molecules 
involved. As a result the geometry of the solvated solute molecule deviates from its relaxed 
vacuum geometry. In our previous work30 on nucleation of salicylic acid (SA) we have found a 
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relationship between a changed geometry of an entrapped solute molecule and the calculated 
DFT solvation energy. We found that the shell of chloroform molecules, which exhibits very 
weak binding to the SA molecule, have imposed negligible changes to the SA geometry. On the 
other hand, a much stronger binding of SA to shells made of methanol and acetic acid resulted in 
much more pronounced distortions of the SA molecule. As the deformation of the SA solute 
molecule from its ideal vacuum geometry follows the trend of the calculated solvation energies, 
it suggests that it may be possible to probe the solvent shell-solute interactions by simply 
tracking the changes in the geometry of a solute molecule. Here we employed this approach and 
have calculated solute (paraben) deformation energy, ΔEdeform, as the difference in energy of the 
solvation shell constrained geometry of the solute molecule and the fully relaxed gas-phase 
geometry. 
RESULTS  
The solubility of ethyl paraben and propyl paraben in three pure solvents at 283.15 K is reported 
in Table 1, as the average of three samples of each solution together with confidence intervals. 
For both parabens, as well as butyl paraben24, 31, the solubility (g/g solvent) increases in the order 
ethyl acetate (EA) < ethanol (E) < acetone (AC). In each solvent, the solubility increases in the 
order ethyl paraben (EP) < propyl paraben (PP) < butyl paraben (BP). Table 1 also lists the 
experimental conditions and the median induction times obtained. In the majority of cases the 
time to reach the nucleation temperature is clearly shorter than the induction time recorded, but 
occasionally this is not the case. Since the distributions of nucleation events over repeat 
experiments are fairly wide there will always be a small number of short induction times 
recorded, unless the supersaturation is very low. If nucleation occurs before the solution has 
reached the desired target temperature, the supersaturation is lower than aimed for. Accordingly, 
 11 
the reported induction time values in such cases are expected to be somewhat higher compared to 
the true value that would be obtained if the cooling were instantaneous. However, in the 
evaluation of the results, the average induction time is represented by the distribution median 
value, which is independent of the exact induction time values of early nucleation events.  
In Figure 2 is shown the standard evaluation of induction time experiments according to the 
classical nucleation theory, equation (5). The data at each level of supersaturation is represented 
by the natural logarithm of the median induction time value, and the error bars represent the 95% 
confidence intervals of this value. The confidence intervals increase at decreasing 
supersaturation since the distributions become broader. A steeper curve corresponds to a higher 
interfacial energy and a more difficult nucleation. The solid lines shown in Figure 2 represent the 
best fitted linear correlations of data for each paraben in each solvent. The lowest coefficient of 
determination, 0.82 is obtained for EP in acetone. In some cases, there is a tendency for a 
decreasing slope at lower supersaturation levels. This kind of behaviour is not unknown, and – 
given that the assumptions behind equation (5) are sound23 – could indicate a transition from 
homogeneous to heterogeneous nucleation32. However, allowing for these changes in slope has 
no effect on the overall relative order between the three solutes, nor between the three solvents, 
with respect to the slope of the lines. Overall, in Figure 2, data for nucleation in ethanol is 
grouped to the left in the diagram, while the data in acetone is shifted most to the right. 
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Table 1. Solubility at 283.15 K given with 95% confidence intervals and concentrations of 
nucleating solutions, given as g solute / g solvent, resulting estimated driving force, and median 
values of induction time, interfacial energy, nucleation work, and the radius and number of 


























0.54 0.48 3058   12.33 1.38 52 
E 0.61 0.73 153 2.55 9.42 5.26 0.90 14 
 0.67 0.92 65   3.27 0.71 7 
 0.25 
±0.003 
0.27 0.14 7813   9.60 1.90 135 
EA 0.28 0.22 1828 1.05 7.06 3.84 1.20 34 
 0.33 0.57 139   0.59 0.47 2 
 0.55 
±0.001 
0.57 0.10 9450   11.74 2.30 238 
AC 0.59 0.15 1559 0.88 7.72 4.80 1.47 62 




0.70 0.27 8502   12.6 1.73 93 
E 0.72 0.33 4682 1.67 8.11 8.65 1.43 53 
 0.83 0.60 139   2.57 0.78 9 
 0.35 
±0.002 
0.39 0.20 620   6.43 1.52 64 
EA 0.40 0.24 316 1.10 8.46 4.50 1.28 37 
 0.43 0.39 87   1.77 0.80 9 
 0.69 
±0.009 
0.72 0.10 5449   9.56 2.20 190 
AC 0.73 0.13 2840 0.79 7.33 5.80 1.71 90 
 0.82 0.34 145   0.82 0.64 5 
BP11 
   0.23 1360   7.10 1.56 62 
E 1.47  0.28 532 1.15 7.92 4.52 1.25 32 
   0.47 141   1.65 0.76 7 
   0.25 587   5.72 1.41 46 
EA 0.74  0.33 178 1.14 8.27 3.24 1.06 19 
   0.47 111   1.63 0.75 7 
   0.09 65   0.74 0.99 16 
AC 1.50  0.14 55 0.30 8.35 0.34 0.67 5 







Figure 2. Median induction time of ethyl paraben, propyl paraben and butyl paraben11 in 
ethanol, ethyl acetate and acetone, together with 95% confidence intervals, plotted against T-3 ln-
2S. with correlated linear functions shown for each system. 
From the slope and the intercept of each graph, the interfacial energy and the pre-exponential 
factor can be determined according to equation (5), and results are given in Table 1. From the 
interfacial energy the Gibbs energy barrier to nucleation and the size of the critical nucleus can 
be determined through combining equations (2), (3) and (6). The resulting interfacial energy 
ranges from 0.3 to 2.6 mJ/m2, which is of the same order as values published for several other 
organic compounds2, 5, 10. The interfacial energy of ethyl paraben and propyl paraben in different 
solvents decreases in the order E > EA > AC, which is the same as for butyl paraben. The 
interfacial energy of the parabens in both acetone and ethanol decreases in the order EP > PP > 
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BP, while in ethyl acetate the interfacial energies are approximately equal. The pre-exponential 
factor shows less of a trend which partly stems from the higher level of uncertainty in the 
determination. The critical nucleus radius ranges from 0.4 nm to 2.3 nm and the number of 
molecules in a critical nucleus ranges from a few hundred to one or two molecules in some cases. 
Although very low numbers of molecules making up the critical nucleus have been reported 
elsewhere33, 34, it should be recognised that all induction times measured in this work are well 
above what would be expected for spinodal decomposition35. Hence, within the framework of the 
classical nucleation theory, and as discussed in our previous paper on butyl paraben11, the 
absolute values obtained for the nucleus size in some cases are not entirely realistic. Overall, 
however, nucleation of all three parabens is most difficult in ethanol and least difficult in 
acetone, and the variation in the nucleation behaviour between the different parabens appears to 
be less than the variation with solvent for each paraben. 
Figure 3 shows SEM images of slowly grown crystals of the three parabens in the three solvents. 
The habit is in all cases prismatic and fairly similar, with perhaps slightly more pronounced 
prismatic shape obtained in acetone. No solute – solvent combination resulted in any marked 
deviation from the basic shape. Based on the SEM images, there does not appear to be a strong 







Figure 3. SEM images of paraben crystals grown by slow evaporation in different solvents. 
EVALUATION AND DISCUSSION 
The interfacial energy is expected to increase with decreasing solubility, e.g. according to the 
Mersmann equation36, and this is indeed the case for each of the three parabens, respectively, 
over the three solvents, as shown in Figure 4 a. Furthermore, as seen in Figure 4 b, the same 
relationship holds for each of the solvents when comparing data for the three parabens. In bth 
ethanol and acetone, the interfacial energy decreases with increasing solubility over the three 
parabens, but not so in ethyl acetate. No particular correlation is found for any of the parabens 
 16 
between the interfacial energy and the polarity of the solvent expressed as Reichardt’s polarity 
parameter37:  E (0.654) > AC (0.355) > EA (0.228). 
 
Figure 4. Interfacial energy vs. solubility of ethyl paraben, propyl paraben and butyl paraben24 in 
each solvent at 283.15 K. Data grouped by a) paraben and b) solvent. 
 
Figure 5. Interfacial energy vs. melting point of parabens and boiling point of solvents.  
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As is shown in Figure 5, the interfacial energy increases with increasing melting point of the 
pure solid phase of the solute and with increasing boiling point of the pure solvent. This is in 
good agreement with observations for other systems, as discussed in our previous work11, and 
follows from the relationship between the interfacial energy and the strength of the bonding 
within the solid phase as well as between solvent molecules. 
Analysis of the solid state 
Some properties of the pure solids are given in Table 2. The enthalpy of melting of the three 
parabens is essentially the same but the melting temperature decreases in the order EP > PP > 
BP, leading to the entropy of melting increasing in the reverse order. The Gibbs energy of fusion 
at 283 K, calculated from the enthalpy of melting and the melting temperature, neglecting the 
heat capacity difference terms38, is about 2 kJ/mol higher for EP than for BP.  
Table 2. Solid-state properties of the parabens. Densities and molecular volumes are calculated 
from the crystal structure data, and melting properties determined with DSC, and given as 




























BP 1.25520 194.23 2.57 340.538 25.538 75.0 3.922 
The XRPD patterns of the parabens, shown in Figure 6, exhibit marked similarities, in particular 
for the structures of EP and PP which suggests a similarity in the crystal structures. 
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Figure 6. XRPD patterns of ethyl paraben, propyl paraben and butyl paraben  
The crystal structures of all three parabens are shown in Figure 7 and are in fact strikingly 
similar, with several features in common: the molecules are connected in one-dimensional chains 
through a hydrogen bond between the hydroxyl hydrogen and the carbonyl oxygen, with the non-
polar alkyl groups of pairs of neighbouring chains more or less interlocking to form planar 
layers. In particular, the structures of EP and PP can be said to be isostructural, as discussed by 




Figure 7. Parts of the crystal structures of a) ethyl paraben, b) propyl paraben and c) butyl 
paraben, showing the chief interaction types as red dashed lines and the main hydrogen bonds as 
black dashed lines. 
For the purpose of examining the solid phases in more detail, the structure geometries were 
optimized using the Forcite module (version 5.0) of the software package Materials Studio from 
Accelrys, using the crystal structures as input, with hydrogen atoms added manually for the EP 
structure. The generic force field Pcff41, parameterized for organic molecules, was used together 
with built-in point charges, as this combination has been found to work adequately for similar 
systems in a recent study42. In order to verify the suitability of the force field, the lattice energy 
(at 0 K) of each structure was calculated by subtracting the total energy of the single molecule 
optimized in vacuum from the total energy of the crystal structure, and then compared to 
experimental enthalpies of sublimation43. The experimental value was adjusted to compensate for 
the temperature difference, by approximating the heat capacity difference between the solid and 
the gas as 2 RT44, which is tantamount to assuming ideal gas behaviour and Dulong-Petit 
behaviour for the solid. 
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RTHH T 2subK 0sub   (8) 
Furthermore, the reduced cell parameters of the optimized structure were compared to those of 
the experimental structure. The results are listed in Table 3. It can be seen that the errors in 
lattice energy range between 5 – 25 %, while changes to cell parameters are <10%. Overall, 
these results are no worse than is to be expected of a generic force field with point charges, and – 
especially with respect to cell changes – of the same order as the sum of experimental 
uncertainties, approximations and temperature differences allow42, 45, 46. 
Table 3. Calculated lattice energies, compared with experimental sublimation enthalpies for each 
paraben molecule, and RMSD of changes in unit cell parameters upon geometry optimization, 
using the Pcff force field.  
Compound CSD refcode Space 
group 
Z Z´ Elatt 
(kJ/mol) 
ΔsubH0 K  
(kJ/mol) 
ΔElatt RMSDcell  
EP FEGLEI18 P21/a 8 2 -123.3 105.9 16.4 % 1.9 % 
PP DUPKAB19 P21/c 8 2 -135.1 128.7 5.0 % 9.6 % 
BP 20 C2/c 8 1 -141.8 113.4 25.1 % 1.5 % 
Using the module Morphology (version 5.0) of Materials Studio together with the same force 
field, crystal graphs were constructed for each optimized crystal structure, allowing the 
comparison of the strengths and distances of the interactions between different neighbouring 
molecules in the lattice. The crystal graph was defined to encompass all interactions between 
pairs of molecules exceeding 0.5 RT (viz. 1.247 kJ/mol at room temperature). By studying the 
crystal graphs it is found that, for all the structures, a small number of short-distance interactions 
dominate the total lattice energy. Diagrams of the three crystal structures showing the different 
types of interactions are given in Figure 7, and the distances and energies of these interactions 
are listed in Table 4. 
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Table 4. The main intermolecular interactions of the three paraben structures, with data on the 
centre-to-centre distance, the total energy (Etot) of the interaction together with the electrostatic 
(Ee) and dispersive (Evdw) contributions, the multiplicity of the energy terms per molecule and in 
the final column the contribution of the interaction type to the total lattice energy. 
Ethyl paraben 
Interaction Distance (Å) Etot (kJ/mol) Ee (kJ/mol) Evdw (kJ/mol) Multiplicity % of Elatt 
a 8.41 -34.47 -36.34 1.87 1 29.5 
b 3.24 -36.57 2.94 -39.51 0.5 15.6 
c 5.85 -15.50 -1.20 -14.31 0.5 6.6 
d 4.62 -30.08 -0.16 -29.93 0.5 12.9 
e 6.77 -14.28 -2.09 -12.19 1 12.2 
Propyl paraben 
Interaction Distance [Å] Etot (kJ/mol) Ee (kJ/mol) Evdw (kJ/mol) Multiplicity % of Elatt 
a 8.89 -36.40 -36.25 -0.14 1 28.5 
b 3.22 -41.42 -0.56 -40.85 0.5 16.2 
c 5.77 -16.64 -0.72 -15.91 0.5 6.5 
d 5.02 -29.63 -2.46 -27.17 0.5 11.6 
e 6.40 -18.60 -2.12 -16.48 1 14.6 
Butyl paraben 
Interaction Distance [Å] Etot (kJ/mol) Ee (kJ/mol) Evdw (kJ/mol) Multiplicity % of Elatt 
a 8.28 -35.62 -34.10 -1.53 1 26.3 
b 3.60 -41.35 -5.05 -36.30 0.5 15.3 
c 8.57 -8.73 0.75 -9.48 0.5 3.2 
d 4.64 -36.48 -4.75 -31.73 0.5 13.5 
e 6.18 -24.80 -4.17 -20.63 0.5 9.2 
f 9.19 -9.03 -0.74 -8.29 1 6.7 
As can be seen from comparing the interactions, the similarity of the three paraben structures is 
quite striking. The most important interaction in each of the structures in terms of its contribution 
to the total lattice energy is that between molecules connected by the hydroxyl-carbonyl 
hydrogen bond chain, termed a. This interaction is completely dominated by the electrostatic 
term, unlike all the rest which are mainly dispersive (van der Waals) in origin. The strongest 
individual interaction, b, is that between neighbouring molecules almost perpendicular to the 
plane formed by the atoms in the respective molecules. The relatively weak interaction labelled c 
is the in-plane interaction between molecules with their non-polar groups facing each other, 
while d, e and f are diagonal out-of-plane interactions with progressively longer distances and 
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weaker energies. The hydrogen bond chain, a, is the only directional interaction present, and 
despite contributing less than a third to the lattice energy will certainly be instrumental in 
governing the assembly of molecules into a crystal, while the isotropic van der Waals’ forces (b-f 
and progressively weaker interactions) will control the fine tuning of the packing and folding of 
the hydrogen bonded chains. 
 
Figure 8. Predicted morphologies of a) ethyl paraben, b) propyl paraben and c) butyl paraben, 
with Miller indices in brackets, together with structural images of the two most dominant 
predicted faces (most stable configurations) of each compound.  
In Figure 8, crystal morphologies predicted by the attachment energy method, in which the 
growth rate of each face is assumed to be proportional to the attachment energy47, viz. the energy 
released upon attachment of a growth slice to a given crystal face, are compared. The predicted 
visible facets and their attachment energies are given in Table 5, and the structures of the two 
most dominating faces of each paraben are shown on the right in Figure 8. 
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Table 5. The predicted facets of the three paraben structures, with the number of symmetrically 
identical faces, the attachment energy (Eatt) together with its electrostatic (Eatt,e) and dispersive 












{001} 2 -29.44 0.68 -30.12 31.08 
{111} 4 -47.74 -18.60 -29.14 27.56 
{011} 4 -43.91 -17.66 -26.24 21.78 
{110} 4 -53.92 -18.76 -35.15 13.90 












{100} 2 -30.33 0.20 -30.53 33.15 
{111} 4 -53.37 -18.26 -35.12 27.53 
{110} 4 -45.35 -17.89 -27.46 26.87 
{011} 4 -60.21 -19.00 -41.22 9.43 












{200} 2 -41.58 -2.51 -39.07 36.61 
{202} 2 -55.34 -1.79 -53.55 18.62 
{111} 4 -79.71 -36.97 -42.74 16.84 
{002} 2 -57.39 -4.46 -52.93 14.88 
{111} 4 -80.72 -37.73 -43.00 13.01 
In analogy with the crystal structures, the predicted morphologies of EP and PP, both clearly 
prismatic, are almost identical (the difference in some of the Miller indices being merely the 
result of different choice of space group setting). They have the same developed faces, in the 
same order of total attachment energy. Furthermore, differences in the absolute energy values 
between EP and PP for these faces are small, with values for PP being systematically lower 
(more negative). Parallel to the plane of the dominant face are both the hydrogen bond chain a 
and chains of e-interactions; the most stable configuration of this face features rows of ridges of 
non-polar alkyl groups, and as a consequence the attachment energy consists almost completely 
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of van der Waals’ forces. The second most dominant group of faces, also shown in Figure 8, 
features protruding hydroxyl groups, which participate in the hydrogen bond a chain. In the plane 
of this face and its symmetry-related equivalents are pairs of molecules with the short, strong b-
interaction, which are connected with a-hydrogen bonds. As regards the third compound, BP, its 
predicted morphology differs only in minor respects from those of the other parabens. The 
predicted habit is also a prism, decidedly elongated in the direction of the hydrogen bond a 
chains, which run parallel to both of the two most dominant facets (shown in Figure 8), which as 
a consequence are fairly non-polar featuring protruding butyl groups, with attachment energies 
dominated by van der Waals’ forces.  
The nucleation process of the solute has its starting point in the solution and its end point in a 
solid crystalline particle exceeding the critical size. The solid state analysis shows that the crystal 
structures and the crystal habits of the three parabens are not very different, i.e. that the 
respective end points of the nucleation processes are not very different for the three compounds. 
Furthermore, the observation that the experimentally observed shapes reasonably well resemble 
the predicted morphologies suggests that solvent effects on the growth rate of the most important 
faces are limited, and it can be reasonable to assume the same shape of the nuclei for the three 
parabens. In following section, the solution conditions will be analysed in detail.  
Analysis of the solution side 
The first solvation shell for each of the three parabens in each of the three solvents is shown in 
Figure 9, and the bonding of the shell solvent molecules to a paraben molecule at the centre of its 
solvation shell, ΔEsolv, and the deformation of a paraben molecule entrapped in the solvation 
shell, relative to the unconstrained paraben molecule optimised in vacuum, ΔEdeform, are given in 
Table 6. The solvation shell models of ethyl and butyl paraben were built such that the number of 
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the solvent molecules were optimised taking into account both the surface area available around 
a solute molecule and the size of a solvent molecule. The shell model of the propyl paraben was 
built by modifying the BP model, so the number of solvent molecules was reduced to ensure 
optimum coverage. However, in case of the large EA molecule, there was not much flexibility in 
optimising the number of solvent molecules, and we used the same number of EA molecules in 
both the propyl paraben and butyl paraben solvation shells. Solvation energies calculated for 
butyl paraben in a larger quadruple-ζ basis set for comparison are lower than those obtained in 
the triple-ζ basis set by 12-16%, but the relative order of solvation energies is unchanged. 
The molecular structure of the three parabens only differ in the length of the carbohydrate tail, 
while the difference between the three solvents is much more pronounced with varying sizes of 
the molecules and a type of functional groups present. Hydroxyl groups of ethanol have both H-
bond donating and H-bond accepting capabilities, while ethyl acetate and acetone can only 
accept H-bonding through their carbonyl groups. Accordingly, we observe a formation of a 
dense network of H-bonds in the solvation shells of ethanol between solvent molecules and also 
between ethanol and paraben hydroxyls and carbonyl sites (see Figure 9-1a). Contrary, in EA 
and AC strong H-bonds between solvent molecules will not occur. However, both, the EA and 
AC can establish H-bonds with hydroxyl groups of parabens (see Figures 9-2a and 3a).  
The highest (most negative) solvation energies, ranging from -178.9 kJ/mol to -198.4 kJ/mol, 
have been calculated for the solute parabens surrounded by ethanol molecules; this reflects the 
strongest solvent-solute interactions. Significantly lower ΔEsolv, i.e. weaker solvent-solute 
interactions, have been observed for the solvation shells of parabens in acetone and ethyl acetate. 
As sizes of the paraben molecules increase in the order EP < PP < BP, it may be expected that an 
increase of the aliphatic tail will increase i) the hydrophobic character and ii) the  solute 
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isosurface accessible for interactions with additional solvent molecules and this is the case in 
acetone and more weakly so in ethyl acetate. However, in the case of ethanol, such a correlation 
does not exist. The possible reason can be that the ethanol polar molecules do not favour 
interactions with the extended carbohydrate tails of PP and BP. In fact, our simulations show that 
the ethanol molecules located in the neighbourhood of the aliphatic chains prefer to bind strongly 
to other solvent molecules through a network of H-bonds.  
Table 6. DFT solvation energies, ΔEsolv, and deformation energies, ΔEdeform, of ethyl paraben 
(EP), propyl paraben (PP), and butyl paraben (BP) in ethanol (E), ethyl acetate (EA), and acetone 










1 EP–E 23 -198.4 18.7 
2 EP–EA 18 -120.1 5.0 
3 EP–AC 20 -117.2 3.4 
4 PP–E 26 -178.9 14.9 
5 PP–EA 19 -125.0 11.6 
6 PP–AC 22 -138.5 8.0 
7 BP–E 27 -197.7  17.2 
8 BP–EA 19 -125.8  11.2 
9 BP–AC 23 -145.3  6.3 
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Figure 9. Solvation shells of ethyl paraben (EP), propyl paraben (PP), and butyl paraben (BP). 
EP + 23 x ethanol (1), EP + 18 x ethyl acetate (2), EP + 20 x acetone (3), PP + 26 x ethanol (4), 
PP + 19 x ethyl acetate (5), PP + 22 x acetone (6), BP + 27 x ethanol (7), BP + 19 x ethyl acetate 
(8), BP + 23 x acetone (9). Details of ethyl paraben hydroxyl group–solvent interactions: EP – 
ethanol (1a), EP – ethyl acetate (2a), and EP – acetone (3a) (H-bonds shown as dotted black lines 
with H-bond distances in angstroms). Structures optimized at the B97-D/6-31G(d,p) level. 
Hydrogen – white, carbon – grey, oxygen – red. 
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We observe the highest ΔEdeform for the EP, PP, and BP molecules entrapped in the shell of 
ethanol molecules, while moderate distortions of the parabens in the ethyl acetate and relatively 
weak in the acetone shells. Interestingly, the deformation energies do not follow the solvation 
energy trend in contrast to our previous study on salicylic acid where we have observed a clear 
correlation of the DFT solvation energies with the ΔEdeform. Meanwhile, the previous results 
showed that the solvation energies follow the experimental order of nucleation of salicylic acid 
in a range of solvents. This suggests that desolvation is an important step in the nucleation 
process30. In Figure 10 we compare the experimentally-derived interfacial energies of EP, PP, 
and BP in E, EA, and AC with the DFT calculated ΔEsolv and ΔEdeform values. The interfacial 
energies reflect ease/difficulty for nucleation, where higher interfacial energy means more 
difficult nucleation.  
As it can be seen in the Figure 10 a, a clear correlation exists between the interfacial energies of 
ethyl paraben and the calculated solvation energies for the respective solvents. For all the 
parabens in the ethanol solvent we observe that relatively highest interfacial energies correspond 
to stronger solvent-solute interactions as quantified by higher ΔEsolv values. On the other hand, 
much lower interfacial energies of the three parabens in EA and AC correlate to weaker solvent-
solute bonding (smaller solvation energy values). Notably, the relationship which is clear for 
ethyl paraben, becomes less obvious for larger parabens, especially for butyl paraben, being also 
the most hydrophobic molecule. When comparing a plot of the interfacial energies and the 
deformation energies (Figure 10 b), we observe an excellent correlation for the ethyl paraben. 
Also much clearer relationship exists for both propyl and butyl parabens pointing to a link 
between the ΔEdeform and the interfacial energy/order of nucleation.  
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Figure 10. Relationship between experimentally-derived interfacial energies and a) DFT 
solvation energies and b) deformation energies of ethyl paraben, propyl paraben, and butyl 






Figure 11. Simple correlations of experimental nucleation results. 
 
In the present manuscript we have used the classical nucleation theory for evaluation of the 
nucleation experiments. The data shows that the interfacial energy of each paraben in the 
different solvents decreases in the order: ethanol, ethyl acetate and acetone. In acetone and 
ethanol the interfacial energy of the parabens decreases in the order: ethyl paraben, propyl 
paraben, butyl paraben, while in ethyl acetate the interfacial energies are approximately equal. 
However, even without applying a particular theory, the experimental results directly reveal 
essentially the same order with respect to ease of nucleation. Figure 11 shows simple correlations 
of the experimental induction time results vs driving force. As shown, there is an overall trend 
for nucleation of each paraben in the three solvents to become gradually easier in the order: 
ethanol, ethyl acetate, acetone, except for propyl paraben where nucleation in ethyl acetate and 
acetone are quite close but the order is actually reversed. The graph also shows that in ethanol 
and acetone nucleation becomes gradually easier in the order: ethyl paraben, propyl paraben, 
butyl paraben. In ethyl acetate, ethyl paraben is also the most difficult to nucleate, however 
 31 
propyl paraben and butyl paraben are quite close and the order is actually reversed. Of course the 
analysis of the endpoint of the nucleation process, i.e. the solid crystalline structure is not 
influenced by the mechanisms of nucleation, and in any nucleation mechanism desolvation of 
solute molecules should have a role. Hence, the analysis still stands even if a two-step model of 




More than 1800 induction time nucleation experiments of ethyl paraben and propyl paraben in 
ethanol, ethyl acetate and acetone have been performed. There is a significant variation in the 
results at equal conditions, revealing the random nature of the nucleation process. The solid-
liquid interfacial energy of each paraben in the three solvents essentially decreases in the order 
ethanol > ethyl acetate > acetone, following the order of increasing mole fraction solubility. In 
acetone and ethanol the interfacial energy decreases in the order ethyl > propyl > butyl paraben, 
consistent with the order of increasing solubility, while in ethyl acetate the interfacial energies of 
the three parabens are fairly equal. Comparisons of crystal structures, attachment energies and 
predicted morphologies show that there is a strong similarity between the solid phases of the 
three paraben compounds. Quantum-chemical calculations reveal that solvation energies of the 
first solvation shell are clearly higher in ethanol compared to the other two solvents, reflecting 
the capability of hydrogen bond donation as well as acceptance. The differences in solvation 
energy are fairly well reflected in the differences in the nucleation behaviour, but the correlation 
is even stronger for the deformation energy of the solute molecule in the solvation shell. With 
increasing deformation energy, nucleation becomes more difficult.  
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NOTATIONS 
A Pre-exponential factor in equation (1) ［s-1 m-3］ 
B Group of parameters in equation (5) ［K3］ 
C Concentration ［g g-1 solvent］ 
Csat Solubility  ［g g-1 solvent］ 
Eatt Attachment energy ［kJ mol-1］ 
Eatt,e Electrostatic contribution to attachment energy ［kJ mol-1］ 
Eatt,vdw Dispersive contribution to attachment energy ［kJ mol-1］ 
Ee 
Electrostatic contribution to total interaction 
energy  
［kJ mol-1］ 
Esolvation shell Energy of optimized solvation shell cluster ［kJ mol-1］ 
Esolvent shell 
Energy of solvent-shell structure after removal 
of solute molecule  
［kJ mol-1］ 
Esolute 
Energy of removed solute molecule in 
constrained solvation-shell geometry 
［kJ mol-1］ 
Etot Total interaction energy ［kJ mol-1］ 
Evdw 




Deformation energy of solute molecule inside 
solvation shell 
［kJ mol-1］ 
ΔElatt Lattice energy ［kJ mol-1］ 
ΔEsolv Bonding energy of solvent molecules in ［kJ mol-1］ 
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solvation shell to solute molecule 
ΔGc Nucleation work ［kJ mol-1］ 
ΔfusG Gibbs energy of fusion ［kJ mol-1］ 
ΔsubH Enthalpy of sublimation ［kJ mol-1］ 
ΔfusH Enthalpy of fusion ［kJ mol-1］ 
J Nucleation rate ［m-3 s-1］ 
k Boltzmann constant ［J K-1］ 
M Molecular weight ［g mol-1］ 
nc 
rc 
Number of molecules in critical nucleus 
Critical nucleus radius 
  
［nm］ 
R Gas constant ［J mol-1 K-1］ 
S Supersaturation  
ΔfusS Entropy of fusion ［kJ mol-1 K-1］ 
tind Induction time of nucleation ［s］ 
T Temperature  ［K］ 
V Volume ［m3］ 
x Solute mole fraction ［mol mol-1 total］ 
x* Equilibrium solute mole fraction ［mol mol-1 total］ 
Z Number of molecules in unit cell  
Z´ Number of molecules in asymmetric unit  
σ Solid-liquid interfacial energy ［mJ m-2］ 
υm Molecular volume ［m3］ 
Δµ                                                     Chemical potential driving force for nucleation  ［kJ mol-1］ 
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